


f 


j! S nN 
iby 4 ‘ ts Me , 









Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1993-03 


Determination of GTA welding efficiencies. 


Franche, Candonino P. 


Monterey, California: Naval Postgraduate School 


http://ndl.handle.net/10945/24149 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
D U DLEY research materials and institutional publications created by the NPS community. 
get Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 
KNOX appointed — and published — scholarly author. 





LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 


http://www.nps.edu/library Monterey, California USA 93943 










¢ 40000 


Maid 
s 


oe rN 















Qe Ose 
ye #8. e908 © 









prisiss Synths 


ad | 









rr 
Pet be 















4 ae ty 
4 9 warbes 
i eT Pe ens 
th ad | 









“bags toh oe ss 
Raden ne ieee 


ote 


Hise Sy 
annie: 
bres’ Y w. 












Ss casa Ant 

Z . a be Nit Siti 

ea 3 a ’ beagare, ee 7 oa ‘nel 
| Naas ask 

See i 



































» 0 0a t den. iy 
U e'wergt oqed a8. id 
’ 






s 
L eh, I 
ath sg Weck ,e 09 


¢ woes ° e. ce teak wrhlale gate tiie 
Pe te,t'h ods rier ee pielSistalma - auiener al races . 
ne si aeaee Ge wire © oo be ae 










° t e . + iat 
. dE 


’ ‘e 
s8 rls ees 



































































































































APL 


















veh “ee Fe Bnth. 
LT fee ® ety tgs fel 
oe re na So tregveee, 4, ne ail foans 
s s . “ae 3 5 ~ ae ssh *, he) tot ae rey j ery “he eo ete cs, ee 
¢ 0 tne dele a orers sie = SORE On SLY st fe: 4.8 
b Py Niece . et. : ria ays) i a 
s oye 4 » 
A] % ew hs 7 
so . . 
, “y ‘ 1° tee Rube caren 
ar) t Se Bes . veherates retaet ar “lta 
a Mie a bear aan et igs gorge 
am e. é pace ° “e : A apreiars oeceet SRT Hit ey 23 08 (oi qr 2 eric, : eaat iste ry ae sft 
® ir aiececue lone Rast ry it bs bee} Freee RED ‘ta! dfs Satta . AAG ahgbeny ee 
° a a ah i a%), oe | ‘ € See ww! Pineees Oe. 3 4 cere *s3 ts 004° 
wine <5 | anecaes “errs Wet 3 ube, eight eo Wee aregy Ss Rraekt Bale *. ery via 
208 & , fo*e ote* s a a. Or? Ten yedye ” va ty Sg: “4 first ge Shi e ns 4 ’ 26 Me tpeany . 
. a 7 ote, ae - tat vest ther tse cinay au oth Vey iat ie Veretmselectrts * hens 
Hf : 1 afhores An Ooty: opts: 
sp tf “8 in: ORM Re aithh | ies as .* A aa ’ Sia ayial aga Rh x ait one 
ae m4 ot te Ot reek +4 g | : a An wast an, t's 
e° PEEL 4 un te: wa 
oleéy 
4 


ae oets. 
PRO tte Bae 
L 





ieee Mt 
4 Shes el, on 





its 2.0 ne cart 








hee og8 
OL, are Seenten 















































“ Celie 3 i: 
ais) 0 ' oA vv Taiys ACN j re * ane 
yt: ys: ' iy «wile B qh raha ste ate Re 
byl nt" 00 aes stesse agtent ‘g SA 

PHOS ics De Pres e aie i 4 
4 t . ERY. “t eo, Na 





















a ee bl stat 
SO orWeOr tints tar Be, * 


Sion’ te o% 


















Pp 400 cost Pes a8 boo 
we we 7 
. +e e 
NHS Raa 
st 

ais sf sas 
iT a A ¥, 88 
* 









ows testa 


Ai 

ah ae vast 
wtb 0g ow 

ei 


ag oN 1 

































Pe 
Rina ra o eg ree 


4 
oKih biegste a a coat 


rf 
hye at e yarns Ri 
4) ihe t.. sets 
ts ghee ree 
"sae, : 
&, ott . 
ero! oe “ cn Aa 














tet * ae Siaah p8, 3a ate 

‘ Tie ais sie pa (isrAy tos ‘ai. 
Vera 
1 


















she Bit AEs beuhad fase 
iets 4 st "4 Verh eageett 
: Pig hised 4, 
aagtite 3° 
ry x 
: ra Te | 4a Th Wy 
AEN or dye ostitg 
Wek eras ore . 
4 .. 













: tferaais * 
4 sa, ae ean: sae 
ae 




























hs Om Mar ry 




























































ts 
err 
So Ve VPemr eget 
3 F 
Py a ee + 
e . 
‘ ° 
er ° 
a 
s 2 ° é : { 
te ode = : 
. ark ° ; Peer ae) Ds Ane Beds? ig ” 
5 eo, ooh) aie ane eran oer fe re rt ocean xs read Oat biigas : 
F ' . ot hptse e * es ae ate Z 
“ a st : ; &; f at " . 24 Page ts de it ay gte it % 
ewe a?e . | . . 
e' fe @ 28 Ha j 
‘ « % e s é & 
" 2 say it, wie a*y 
¢ en + 8 r Ore. Tae 1 L) i ¢ ‘ fe 
So ata ' © feat ce StL Ae ab ? 2 SaNg Py i. t! 
er °. ‘ tii bd ee ee a { « F 
eo © oF “op ey 44 * © © cB ntoree ovr ee % se eter ue 
4 ea 7 wa O°> “et ety o o* gas i.e yen" th Ud 
j ‘ . Pang av =) biatcnmeone oe o% oes . + ard Ms 4 
d= Pit” Sg + Py 1} ‘ 


Li aor spe Sep dak 
Tat wept e ter igen wes . 
PL NICs spire Jee eC 

° 


° $288 efie 
fp atee LEC 


ae 
yrs oN 





















4 a ee 
iar ett ed 
Vee HER ener 
: tM ae talt Line ato SAS ‘ 
rar ie - on . we oe 
. + Oe onte a'tp erp aur gy Ae 4 us ate erie gla Ee y tw: 
cae b pea* oo 8 o7@ a Ne" ; 
e*e © shen @ ef "nhate 
@ wait so , 
Cee etary ’ Par | 
Vestee.s aligns 
a alae ? 
] ° 
erm ate 
a See. 


e 6 5 808g iy, 
0 "00 aw 8 Peay @ ’ 


t» 
". C oe ae r pe phacge 
© F * a¥een .t . ¢ = 




































































































rh) ‘ * =e 1 i” ots 

o 498 ee may te) s 7 oe "6 » we 

eee G sees sy fot ng fue Rae oe etn Ua Ais fay ek 

ya *# a ares 3), Sat ; - Oyy osekee wi?s » sie ft Ly v7 rye ti heyy ri ‘4 

. bs vee ae oo in . fe, i 
oirmies «4 fF on 6 LY oe ee) a 3 ay i i .e Pers oe oaryh “iF states HOP : “ahater os aoa” g8etre jest. jit eu 
Sateve 1 1c co ane : se "4, : saa. a Pe : ‘ t : ne Btvolatont separ s eee hat de 
‘ ry tee as 1° “0@ " Hed he oe . a . oF ong | f ee i”, fi 
i eer o°¢ P * 1 ° 

‘ . Sees eo as 2 a yits ee Ralph x rd 
oes ‘ . =e ocr ‘, MY 
es 0 ° ° eo Wwe 2 f 
UJ : : ‘ ¢ 1 ” Lie tj ’ 
‘ Py Mie) F208 et Ne, Pe tee tals ue Balt pe 

© feet a te® Pye fe ste F ie exig (a0 g0br tans 
ys 









, 
TS CLUB 
. #7, A é ay Vuot 














aaa fe J, 
‘ se 


ae 
~ 
et aes 













































! ee 
ee’ shale Mise if Sit ieee 
aaa %, eaeee Lj i) 
d I gere ee eer tied iF 33 
, pet re Nighi e pie ote ate 
Pae ‘he? oe of o " es e Gy arora 
. a hide, alien a cle ti! NA gee eg ee 
' o. ot oar " Nove oe yaw et ni one ghee rE 5’ e, 
‘. Disk) . aa edt na te veel ) dat hee 
oes © O08 © oar are 
ie he ae 68 



















o oa 
my out 









a ea 


ra “wight 
Coffe 




























?, 

e. Lad 

aan of en pes 4A ote te re mance 

ye Ps me eSeNerge, fin aye ru is ae” p Ped 

Les rate Pala adds eh Hh Vereoee oe 
UCR ne ‘, a , 





rps 
ew 


5 
bs 
oe pe 







































































ewe 
a. “e¢ ais 4 a 
a) 1 
ey feosotas Ltd a 
god a0, % ddd 4 te weeateest "ue eee 4 ae Ke 
otek ane part ots aboks §: gten¥ aay aees Nets 
steee out youre Ue Pe ee A Uhr Fe at 8 ate 
ett ¥e a’ § % 5 
a i) 
Sceraiceres © "0° 
tagye ° ; a : 
es “Sto 6 ae - a 3 a is BA A ot oars 
aoe 8 0 pete ae oe neue ace SY se gf ote ‘¢ eaten sieve a 
p fe @ Me” f ‘ ©“ o'e, £6 curt OF oe Sages yy Fens aoe vane © Fer ye 
eotersy 0 © ante ‘ Lb . ea at BLOUSE L, ae 
eet at okey Y e' . r) ‘ 


Le of 
” cateaine , 






















4 
UJ ye | 


ea argc g!) 







Sate : 
Orr hate a pata hd 


































psc rietere ¢ 
ue “1 
yer oe More» ove thew ove. 
aC arid t eA ell oF Hi LT lls U ae A] Oe rate’ Se i} ietaket ttt Fete ies nt a 
© pte + ee ons i Po ‘ é reat ~ A very SiN, eat sl sbet 
6 Lt oe ’ Or ee oe ed 6 ness ‘tee oa "een Fi Bory 
" . op : tis i: ‘ te Fo PUse oo “" 
i] 


‘ as eure 






















‘ €4 
“4¥,ts 2g ay Me ghee oi 
Tyee a ay « renee eae aa eee wmae 
a i) “sy Were re a aki) vw soma 
ee > a eer rad 
e oe 1 $8 


ae ee en ‘orm we iad 












ge gees peas 
IGG eters Cd 

oF ee 
maakt L ak ‘ere 


1 here 
xi 


hit es 





ae wee 
i ms 
4 


o Le rye e rete 
eS PRS HE® ge; 
reaty vieteanee ° 
° 






e 2 
% @ Afale qe’ 
70 renee 
erie lt 





















oy 
vars 


eter’ 
Blatt 


U Cth “a 
eh 
[dal are ppl tad 12 
ae? OR 
















Mt ti a 


18 yer y 
U Ld bd 
Hons met wiles gies 


& ooh or, wat te 
Ca) . 






































xa 


2°95 60" 
oe” gp Ze ura Raate 
oe. ety det 


Heil Ld ian ¥ 
ae 
era KA ¢ ya fieletit 
Grae 














e 

parse 

‘¢ bys Py ee 
‘ 


3 tele wat 












* oe tte 


saaye, deat ge Pay 


~e 
seen savialy seiwes a) 
att Ly] ; 






‘gies 
‘ay a 


ast eweatcte: 
estate 


. Panee Mey rc 
pate ama) 















\erse 
ated i Epes 
Aer shea sa me as sho) 




































3 td 
ae sentererctrselae Se im 
- : ee Hi : A Eh a‘, Bega dere Shy 3 rie SFG -$ to e fone = 
cose y , efeitos o rf an wehbe gle et ‘€a% e uatie oO a aseatare 28% meee SUP ng 3a As preter eed ty 2} 
os Sp tee tn oft eg Eee oN usl@iece 3 : ‘ D yeas fi Eo ee batt eeats ta br’ 
e fs r D be “8 . Welle ry “2 oe ’ . Be ’: Tt . 2G y +932 bailed \ 5 a at ie as Rites 
¢ tad ‘ * oP te % ey 9 fo. ace ‘e! 
. . £ . sey PF ye , vest ef Co Se: o'a 8, 
s ses r ws ’ lus * Se ae ar eebencane Uses yee abe 
* a LP Lit ry ero, -F 8 a hf oe op’ £G 
¢ e 0 ‘, ae ec tt GY overs 
®, . ro a | ot ten oe sos ° a4, . 
t es , med « . sfeo'ns H.¢* wo eth DF 
. . *.8 . a er et ; 1s es a 
ma ‘ >”. — eae 9 efe if ong 


Ge ere® or 


uw JDLEY Ki HARY 
NAVAL POS: «...cUATE SCHOO! 
MONTEREY CA 93943-5101 








UNCLASSIFIED | 
SECURITY CLASSIFICATION OF THIS PAGE 


REPORT DOCUMENTATION PAGE ee 


1a. REPORT SECURITY CLASSIFICATION 1b RESTRICTIVE MARKINGS 
UNCLASSIFIED 
2a. SECURITY CLASSIFICATION AUTHORITY 


2b. DECLASSIFICATION/DOWNGRADING SCHEDULE 


4 PERFORMING ORGANIZATION REPORT NUMBER(S) 













3. DISTRIBUTION/AVAILABILITY OF REPORT 


APPROVED FOR PUBLIC RELEASE;DISTRIBUTION 
UNLIMITED. 


















5. MONITORING ORGANIZATION REPORT NUMBER(S) 








7a NAME OF MONITORING ORGANIZATION 
NAVAL POSTGRADUATE SCHOOL 


6b. OFFICE SYMBOL 
(if applicable) 
ME 


6a. NAME OF PERFORMING ORGANIZATION 
NAVAL POSTGRADUATE SCHOOL 



















7b. ADDRESS (City, State, and Z/P Code) 
MONTEREY ,CA 93943-5000 


6c. ADDRESS (City, State, and ZIP Code) 
MONTEREY ,CA 93943-5000 









8a. NAME OF FUNDINGASPONSORING 8b OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER 
ORGANIZATION (If applicable) 
| 8c. ADDRESS (City, State, and ZIP Code) . | 10. SOURCE OF FUNDING NUMBERS __ a 
Program Element No Project NO | Task No Work Unit Accession 
Number 


wwe. cee 


11. TITLE (include Security Classification) 
Determination of GTA Welding Efficiencies 


12. PERSONAL AUTHOR(S) Franche, Candonino P. 


13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (year, month, day) 15. PAGE COUNT 
Master’s Thesis in M.E. From : March 1992 To: March 1993 | 1993March25 74 


16. SUPPLEMENTARY NOTATION 


The views expressed in this thesis are those of the author and do not reflect the official policy or position of the Department of Defense or the U.S. 
Government. 


17. COSATI CODES 1B. SUBJECT TERMS (continue on reverse if necessary and identify by block number) 
FIELD GROUP SUBGROUP Laser Arc Welding, Solidification Parameters, Numerical Methods, Determining 


19. ABSTRACT (continue on reverse if necessary and identify by block number) 


A method is developed for estimating welding efficiencies for moving arc GTAW processes. Under quasi-conditions, the net 
heat transfer rate from the weld pool to the workpiece is estimated from a 3-D numerical heat transfer conduction model. The 
dimensions of the weld pool used in the computational model are obtained experimentally using a laser vision system and by 
metallurgical examination. The welding efficiency is then calculated by dividing the net heat transfer rate by the total power input 
during the experiments. Efficiencies are measured for a range of power inputs and torch speeds and then compared with those 
available in the literature. 





Welding Efficiencies. 





20. DISTRIBUTION/AVAILABILITY OF ABSTRACT 
eT UNCLASSIFIED/UNLIMITED |] SAME AS REPORT LJ OTIC USERS Unclassified 
22a. NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (include Area code) 


DD FORM 1473, 84 MAR 83 APR edition may be used until exhausted SECURITY CLASSIFICATION OF THIS PAGE 
All other editions are obsolete Unclassified 


ic si sok, 


Approved for public release; distribution is unlimited. 


Determination of GTA 
Welding Efficiencies 


by 


Candonino P. Franche 
Lieutenant , United States N avy 
B.S.M.E. FEATI University, Philippines, 1974 
M.B.A., National University, San Diego, CA., 1990 


Submitted in partial fulfillment 
of the requirements for the degree of 


MASTER OF SCIENCE IN MECHANICAL ENGINEERING 
from the 


NAVAL POSTGRADUATE SCHOOL 
March 1993 


a -S 4 


ABSTRACT 


A method is developed for estimating welding efficiencies for moving arc GTAW processes. 
Under quasi-steady conditions, the net heat transfer rate from the weld pool to the workpiece is 
estimated from a 3-D numerical heat transfer conduction model. The dimensions of the weld pool 
used in the computational model are obtained experimentally using a laser vision system and by 
metallurgical examination. The welding efficiency is then calculated by dividing the net heat transfer 
rate by the total power input during the experiments. Efficiencies are measured for a range of power 


inputs and torch speeds and then compared with those available in the literature. 
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LI. INTRODUCTION 


A. THE NEED FOR WELDING EFFICIENCY 

Since the inception of gas tungsten arc welding (GTAW) 
process was first patented in 1890 by C.L. Coffin [Ref. 1], 
there have been significant advances both in theoretical and 
experimental research in understanding the numerous factors 
affecting arc welding operations. Heat flow in the workpiece 
during arc welding strongly affects not only the weld pool 
geometry but also the microstructure and mechanical properties 
of the resultant weld. 

As shown in Figure 1, a fraction of the power dissipation 
in the arc is lost to the surroundings and the remaining 
thermal energy input to the workpiece causes the formation of 
the weld pool. Indeed, knowing the fraction of power 
dissipated that is actually absorbed by the workpiece is 
essential in any predictions of weld pool geometry and 
resulting metallurgical properties. The present study is 
directed towards the development of a systematic method for 
the determination of the fraction of the net power transferred 
to the workpiece as the welding efficiency. A combined 
experimental and numerical approach is proposed. The proposed 
numerical model along with the data gathered from the 


experiments allow the calculation of welding arc efficiencies. 


tungsten 
electrode 


¥ daw ela 
x ) | losses 





Figure 1. Energy Distribution of the Welding Arc. 


B. PREVIOUS DETERMINATIONS OF WELDING EFFICIENCY 

The existing estimates of welding efficiencies are based 
either on analytical/numerical methods or calorimetric 
measurements. The former are based on the pioneering work of 
Rosenthal. Rosenthal [{Ref. 2] obtained the analytical 
solution for several idealized welding heat sources. These 
included moving point, line and plane heat sources witHin 
solid media. His studies were based on the constant 
properties heat conduction equation which transformed to the 
Stelmholtz equation under quasi-steady state conditions. The 


welding efficiency can be calculated as the ratio of the heat 


transfer rate to the workpiece and the power dissipation from 
the source: 
n = Q/EI 


where: Q = heat rate transferred to the 


workpiece 
E = Voltage across arc welding 
I = Current 


Q can be estimated by using Rosenthal’s [Refs. 3-4] solution 
for two dimensional heat distributions for relatively thin 
plates as follows: 
Ux UR 
= L[exp ( —— ) K, (—_ Zier 1 Pe 
O= | De ) Sey (I WS io Ge 
For thick plates, three-dimensional heat distribution in an 


infinitely thick plate yields: 


-~U(R-xX) ] 
20, 
an (T-T,) KR 


exp [ 
O= 


where: 
T = Temperature of the point in question 
feeelnictal) Temperatunegat, thegpolntaan 
question 
K. = Thermal conductivity of the 
workpiece and assumed constant 
G = Thickness of the workpiece 
U = Rate of travel of the arc 


a= Thermal diffusivity of the workpiece and 


assumed to be constant 
Kj= Modified Bessel Function of the second 
kind and zero order, and 
R = Distance from the point in question to the 
heat source. 
The above equations have been used extensively by researchers 
but the methodology has drawbacks because Rosenthal’s 
solutions assume (1) idealized heat sources, (2) no melting 
and negligible heat oof fusion, (3) constant thermal 
properties, and (4) no heat loss from the workpiece surfaces 
(Ref. 5). Cristensen et al.[Ref. 6] used the Rosenthal’s 
point source solution and computed welding efficiencies using 
the weld pool geometry and welding conditions. For the GTA 
welding process a wide range from 21 to 48% was found. Ushio 
et al.[Ref. 7] also had used the Rosenthal point source 
solution and found Similar results. Grosh and Travant, [Ref. 
8] investigated experimentally and analytically the quasi- 
stationary temperature distributions within a thin and thick 
plates. Pavelic et al.[Ref. 9] introduced a finite area 
distributed heat source into the welding analysis and carried 
out a finite difference solution of the governing equations. 
They used a radially symmetric Gaussian distribution as the 
heat input from the welding arc. Tsai [Refs. 10-11] extended 
the solution by Grosh by using finite heat sources. 
A recent effort by Wilkinson and Milner [Ref. 12] 


estimates the heat transfer rate from an arc to a workpiece 


during GTA welding using the cathode-anode theory. They 
assumed the electrode to be the cathode and the workpiece 
(water cooled) to be the anode. The number of electrons were 
postulated to be proportional to the rate of heat transfer to 
the anode. Welding efficiencies were computed based on 
gathered measurements of heat transfer to the anode for an arc 
of zero length. Increasing the arc length decreased overall 
efficiency of the arc due to convection and radiation. They 
reported efficiencies with this type of technique from 80 to 
903. Malmuth et al. [Ref. 13] and Tsai and Eager [Ref. 14] 
used the same technique and reported values ranging from 83 to 
90% by varying the current input. 

Other calorimetric measurements have also been reported by 
Giedt et al [Ref. 15]. The energy transfer to the workpiece 
is determined by immersing the workpiece in liquid nitrogen 
immediately after a weld is completed. The amount of liquid 
vaporized gives the total thermal energy transferred to the 
workpiece. Giedt et al. [Ref. 15] measured a mean welding arc 
efficiency of 80%. Smartt et al. [Ref. 16] using the same 
equipment measured welding arc efficiencies that ranged from 


gio 4s . 


C. PRESENT METHOD FOR OBTAINING WELDING EFFICIENCY 
The technique developed in the present thesis uses a 
combined experimental and computational approach for the 


determination of the welding efficiency. The shape and size 


of the weld pool is determined experimentally during quasi- 
steady conditions using free surface visualization and post 
solidification metallurgical examination. The weld pool 
geometry is then approximated by a double ellipsoidal shape. 
This shape, seen in Figure 2, has been used by Goldak et al 


[Ref. 17] for computations of welding thermal histories. 





Figure 2. Double Ellipsoid Heat Source Configuration. 


Using a three-dimensional, computational finite difference 
model, the temperature field within the workpiece, outside the 
weld pool is determined. The use of this approach allows the 


relaxation of a number of idealizations made 910 een. 


estimation of the welding efficiency. The efficiency is 
computed by finding the net heat transfer rate into the parent 
material from the weld pool boundary. In the following, the 
experimental and the numerical techniques employed are 


described in detail. 


II. EXPERIMENTAL APPARATUS, MATERIALS, AND PROCEDURES 


A. GAS TUNGSTEN ARC WELDING APPARATUS 

Gas tungsten arc welding (GTAW) is an arc welding process 
that produces coalescence of metals by heating them with an 
arc between a nonconsumable tungsten electrode and the 
workpiece. Figure 3 is a sketch of the Direct Current 
Straight Polarity (DCSP)GTAW process with all its associated 
components as used in the present study. In this arrangement 
the electrons emitted from the tungsten electrode are 
accelerated to a very high speed while traveling through the 
arc. These high speed electrons bombard the workpiece and 
provide large surface heat fluxes resulting in a well defined 
molten region called the weld pool. A 2% thoriated tungsten 
electrode was used in the experiments because it has a higher 
electron emissivity and better current carrying capacity than 
pure tungsten electrodes [Ref. 18]. Argon gas flow rates of 
196 -220 milliliters per second (25 to 28 cubic feet per hour) 


were used during the process. 


B. WELD METAL PROPERTIES 

With a carbon content of 0.12 - 0.18 %, the HY-80 steel is 
considered a mild steel. Typical chemical composition of the 
HY-80 is shown in Table I. This steel was chosen for the 


present experiments because it is widely used in the 
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Figure 3. Sketch of the Gas Tungsten Arc Welding Process. 


Table I. CHEMICAL COMPOSITION OF HY-80 STEEL. 
i 


ELEMENT PERCENT 
Carbon O22 Ore 
Manganese O-10s-- O40 
Phosphorus 02025 
Sli gi big 02025 
SL een Oi AB ea a Oe 
Nickel 2; 00)= Sezo 
Chromium 1.00 - oF. 80 
Molybdenum 0. 20). OacG 
Residual Elements Percent 
Titanium 0.02 
Vanadium ©2023 
Copper O2z5 





construction of naval vessels and ordnance equipment. This 
type of steel is intended for service conditions that comprise 
dynamic loading. When welded properly, HY-80 joint strength 
and toughness approach that of the base metal and the joints 


are durable enough to withstand ballistic loading any 


IL10, 


failure. This steel is manufactured with specification of MIL- 


Beie216 (Ships) - 


C. WELD POOL VISUALIZATION 

The arc during the welding process was so bright that 
intense external illumination with spectral filtering must be 
used to view and record the weld pool free surface. The 
purpose of the Model PN-232 Laser Augmented Welding Vision 
System (Control Vision, Inc.) is to overcome the undue 
variation in scene brightness created by the welding arc. The 
pulsed ultra violet laser signal reflected from the workpiece 
is much brighter than the direct and reflected light of the 
welding arc. The system uses a special purpose video camera 


equipped with a CCD video sensor and a very high speed 


electronic shutter. The shutter is synchronized with the 
laser flash. Each laser flash is triggered once per video 
frame and lasts for a duration of approximately 3 ns. The 


system is also equipped with a narrow-band optical filter to 
match the laser wavelength which further suppresses the arc 
lighting. The net combination of both the temporal and 
spectral filtering results in a video image that is almost 
free of the unfavorable arc lighting effects. The complete 
system consists of a pulsed nitrogen laser unit, a camera 
unit, a solid state television, and a system controller that 
are interconnected by various electrical and fiberoptic cables 


[Ref. 19] as shown in Figure 4. 
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Figure 4. Laser Augmented Welding Vision System. 


1. Laser Unit 


The pulsed nitrogen laser is a PRA/Model UV12 
manufactured by PRA Laser Inc., Ontario, Canada. The optical 
laser radiation has an operating wavelength of 337 nm (near- 
visible ultraviolet region in the spectrum) with 3 ns duration 


pulses, 60 Hz and a power level of 90 mW. For operation, the 


eZ 


laser requires an external vacuum pump that is capable of 
Maintaining 60 torr [Ref. 20]. A nitrogen supply to the laser 
is continuously maintained at 275 - 315 milliliter/second (35- 
40 cubic feet/hour). Figure 5 and 6 are the photographs of 


the laser and the vacuum pump respectively. 


% 


GU YY-- Fy Se em. 
ps ian GI: we, 


We) 
Gp 


AMY 


Y 
GY 


jij Vy: Up iy gy 
YYYvyypy GiGi. ty) - 
Py 





Figure 5. Laser Photonics PRA/Model UV12 Pulsed Nitrogen 
Laser. 
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Figure 6. Vacuum Pump, Manufactured by Bosch, Inc. 
2. Camera Unit 


The camera contains a standard end-viewing optical 
head which interfaces directly with the image intensifier tube 
that is integrated within the camera. The camera optics is 
protected from smoke and spatter by use of a fused quartz 
window installed at the front face of the optical head. Also, 
inside the camera are the objective lens elements, spectral 
bandpass filter, and an iris diaphragm. The camera unit is 
shown in Figure 7. The camera is located about 6 to 8 inches 


from the weld site for the best field-of-view (FOV). 
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Figure 7. Camera Unit. 


The FOV can be adjusted by appropriate refocusing of the lens 
barrel. Figure 8 shows the camera set up with the torch and 
the workpiece. The camera unit is controlled by the system 
controller to which it is connected via fiber optic cable. 
3. System Controller 

The system controller is manufactured by Control 
Vision System, Idaho Falls, Idaho. It can be regulated to 
send the appropriate trigger commands to pulse the laser and 


nitiate shuttering of the camera unit. Electronic delay 


uD 





Figure 8. Camera Unit, Torch, and Weldpiece Set-up. 


between the laser and the shutter unit required the setting of 
the shutter delay of .38 ws. The controller provides power to 
the camera unit and serve for manual adjustments of the 
shutter speed, video frame rate, and sensitivity. 
4. TV Monitor and Video Recorder 

The TV monitor model TR-196M was a Panasonic black and 
white with a 19-inch screen. Frame by frame playback was done 
by a VHS Panasonic Time Lapse Recorder Model AG-6720-P which 


was used for the determination of weld pool sizes. Output 
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Figure 9. TV Monitor, System Controller, and VHS 
Recorder. 


from the system controller is recorded directly on the 
recorder and viewed constantly on the TV monitor. The system 


set up is shown in Figure 9. 


ay 


5. Welding Equipment 
The power source of the welding arc was a Miller Model 
SR600/SCMIA 230/450 Volts. The heart of the welding system, 
the power source, can be set at different currents that range 


From 50 to 500 amps and a voltage range of 10 to 35 volts. 





Figure 10. Miller Welding Equipment. 


Figure 10 shows the Miller welding equipment. Part of the 
welding system is the torch that is water cooled and capable 


of heavy duty welding up to 600 A. The torch is designed to 
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firmly hold the tungsten electrode and to transmit the welding 


euerent to the electrode. A ceramic nozzle at the end of the 


torch is used to shield the inert shielding gas around the 
electrode. Argon was used as the shielding gas. Figure 11 


is the system set up for the GTAW torch and associated 


electric cables and water connection. 
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Figure 11. GTAW Torch Setup for Automatic Welding. 
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D. EXPERIMENTAL PROCEDURE 

The welding samples were rectangular HY-80 plates 2.54 cm 
(l inch) thick with dimensions of 15.24 by 30.48 cm (6 by 12 
inches) as shown in Figure 12. On the upper surfaces of the 
plates were seven small grooves 38.1 mm (1.5 inches) apart 
made to simulate butt welding. The length of each groove was 
152.4 mm (6 inches) with a width and depth of 1.5875 mm (1/16 
ines The experiments were conducted at varying current 


levels and welding speeds. There were four nominal current 





Figure 12. HY-80 Steel Plate 2.54 cm Thick. 


PA0) 


settings of 240, 200, 175, and 150 Amps and three welding 
speeds of 2.117 mm/sec (5 in/min), 1.693 mm/sec (4 in/min), 
and 1.269 mm/sec (3 in/min). The welding current and voltage 
were measured with a Digi-Meter 600 Miller Style No. JK-32. 
The current readings during each experiment fluctuated within 
+ 5 Amps and the voltage varied from + .2 Volts. The arc 
length and electrode tip angle were maintained the same 
throughout the experiments at 3 mm and 45 #£=degrees 
respectively. 

Measurements of the weld pool dimensions were made for 
thirty-six runs. The weld pool video image from the vision 
system was used to measure the weld pool length ahead and 
behind the arc. Solidified weld samples were cross sectioned, 
polished, and etched and then analyzed with the help of 
optical microscopy to measure the weld pool width and the 
depth of the fusion zone. These measurements were then used 
as an input to the numerical model described later. A summary 
of all the welding settings and weld pool dimensions are 
tabulated in Tables II to IV. Figures 13 to 15 show the weld 
pool depth as a function of the power input at various speeds. 
As expected, at a given speed the higher the power input, the 
deeper the weld pool depth. Figure 16 shows the collection of 
such data for the various speeds. It can be seen that at the 
Same power input, increasing weld speed causes a shallower 


weld pool. 


Za 


POWER VS. WELD POOL DEPTH 


—c- SPEED 2.127 mm/sec 


o> 
a! (ge ee 
—{o] 


75 


qn 


pb 

aie | eee ae mis 
a 
[o} 


WELD POOL 
DEPTH (mm) 





2500 3000 Sai’, 4000 


POWER (WATTS) 


Figure 13. Weld Pool Depth vs Power (Speed 2.127 mm/s). 
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Figure 14. Weld Pool Depth vs Power (Speed = 1.693 mm/s). 
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Figure 15. Weld Pool Depth vs Power (Speed = 1.269 mm/s). 
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Figure 16. Effect of Power vs Weld Pool Depth at 
Different Speeds. 


Table II. SUMMARY OF WELDING SETTINGS AND WELD POOL 


MEASUREMENTS WITH SPEED OF 2.127 mm/sec. 
a 


Power Amps Volts Weld Pool Weld Pool Weld Pool length 
(Watts) (44) (+.3) Width Depth Ahead Behind 


(mm) (mm) (mm) (mm) 
4347.0 “3s elo s 10.714 5. 754 Syeich > 10 S23 40 
4239.0, 313g UG 4.365 3.300 (222008 
3944.6 — 326k iO. Sah8 Snelog 2.980 Ose 
3715.2 “Ze Cmeeeo MeL. ake a. 170 32.000 oe 
3533.2 4272 22.2 10.714 4.762 By SOLON o:, 150 
S406 24> 8297 eee, Or San 2016 8 2.1510 8.400 
S12 3:36>) Zeal. 4 7.540 42265 BS 106.0 6.673 
3036.0) 2e4e, 1125 Tae? 5.754 3.3975 4.375 
2943.0 2Z6Ce wi) Sa 730 S298 Zoe 1.073 
2135.07 SAO 32 7.142 4.167 321 510 6.378 
ZIEOC4S; §242 eis Ta 63 4.365 Jy SOs. 623.75 
2602. 5a 4S. Bors 7.540 32572 2.475 6.700 
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Table III. SUMMARY OF WELDING SETTINGS AND WELD POOL 
MEASUREMENTS WITH SPEED OF 1.693 mm/sec. 


Power Amps Volts Weld Pool Weld Pool Weld Pool 
length (Watts) (+4) (4.3) Width Depth Ahead 


Behind (mm) (mm) (mm) 
(mm) 
Bo25 .0 opal 5 936 ce a6 SLO 8°. eG 
a2 06.0 BibSs 22.4 95.525 4.762 305 0 1500 
B674..5 Siboe 25. 86. 7 OU 4.762 2.560 7 mOe 
S500. 0 Deo C12 65. 77442 4.960 Pages ARS, T3389 
Bee 2. 3 284 11.7 8.334 olegh ane) 2.740 7.440 
3306.0 Bos eels 6 vee ew 4.764 ZO50 72930 
3062.4 264). 16 7 42 4.365 2.440 7.200 
ee 16.. 0 260 11.6 8.334 3.968 Ze oe 6.220 
Zio 0 2565) 116 7 Az 42365 2.800 6. 170 
wie06 . 0 244 11.5 7.142 4.564 2.620 6.580 
2681.4 246 10.9 7.142 3.968 2.440 5.490 
2648.7 243 10.9 7.142 Src. Sil PMs) 019) 5. 280 
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Table IV. SUMMARY OF WELDING SETTINGS AND WELD POOL 
MEASUREMENTS WITH SPEED OF 1.269 mm/sec. 


Power Amps Volts Weld Pool Weld Pool Weld Pool 


length (Watts) (+4) (+.3) Width Depth Ahead 
Behind (mm) (mm) (mm) 
(mm) 
4082.0 24 30 DO oe 6.746 3.554 6.800 
SS) Ee sie SZ wale INOW, Bi ale! 6350 Sree? OO Fred bl, 
SpE) SSS S19" 12.4 LOS 18 BS 9 320 010 og. 7350 
360225 2S VS aA. gg Ue Sr 4.300 J0eree 
Spe dhg 5 ORG Mis Bae Pee 2 52556 4.000 10.580 
3420.0 Boo” See O air 1. 2 Br 56 4.000 10.460 
a Onkorr® 2.6 eG yc So 5.754 Broo 0 5. Sau 
2946.4 254.) 16 Foes Se 5a 3.477 77620 
ZAgaZ se Dad ja al Sees C0 oyeihisles, SAS Se, oO S08 
2749.2 OAD ALANS 6.746 4.762 3.780 7.200 
2.6 Sioere 246 10.8 62350 4.564 Sra D0 6: Lue 
26315 ee2 244 10.8 7.936 4.763 S77 6.220 
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III. COMPUTATIONS OF WELDING EFFICIENCY 

This chapter describes the numerical method used to 
estimate the net heat transfer rate to the workpiece, under 
quasi-steady conditions, for a given shape and size of the 
weld pool. The formulation and computations are done in a 
reference frame that moves with the welding torch. In this 
moving coordinate system, the heat transfer is quasi-steady 
Since the weld pool location, shape, size, and the temperature 
distribution in the workpiece, remain invariant with respect 
to the torch. Under this assumption, the heat input from the 
heat source to the weld pool is equal to the net heat transfer 
from the weld pool boundary to the workpiece. If we prescribe 
the weld pool shape and size (based on experimental data) and 
set the weld pool boundary at the melting temperature T,, the 
resulting heat transfer across the weld pool boundary can be 
estimated by solving the temperature distribution in the 
workpiece due to conduction. 

The weld pool shape is assumed to be that of a double 
ellipsoid. Such a weld pool shape with a corresponding heat 
source distribution was also assumed by Goldak et al. [Ref. 
17]. As shown in Figure 2 in Chapter 1, the four dimensional 
values (i.e., lengths forward (a,) and behind the arc (a,), 
weld pool width (b), and weld pool depth (c) are needed for 


each weld pool. These values are obtained from the 


Zo 


experimental runs as described in the previous chapter. The 
veaa pool depth and width were measured by analyzing a weld 
section using optical microscopy, while the half-lengths of 
the ellipsoid were measured from the corresponding video 


frames. 
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Figure 17. Gas Tungsten Arc Welding (GTAW) Process 
Showing the Reference and Moving Coordinate 
System. 


A. FORMULATION OF GOVERNING EQUATIONS 
The temperature distribution in the solid region outside 


the fusion zone is described by: 


no) 


ee os ake 


EG igdG ha. OnMmero TT Seno N a a 
‘Gi Fa) ay ‘C, Bl ce C, a5 ) +Source Eq (1) 


where xX’,y, 2 are the coordinates in the stationary reference 


frame. We introduce the following coordinate transformation 


eae eee Eq (2) 


[wero U4, 1s the velocity of the toreh (a constant). 


Differentiating Eq (2) with respect to time, 


OL, 


U=U'- Usorch Eq (3) 


where U is the velocity in the x direction in the moving 
reference frame. For any general variable %, applying the 


chain rule to the x’- directional differential term yields: 
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Substitution of EQ. (4), (5), and (6) in (1) yields the 


transformed equation in the reference frame of the moving 
PoOReh. 
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B. BOUNDARY CONDITIONS 
The boundary conditions are as follows: 


Convective boundary condition on the sides, and top: 


z=0; h(T,-T)=- as 
z=2,;  A(T,-T) =k 
x=0;  hA(T,-T)=-k 92 

Ox 
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At the weld pool boundary and its interior: T 


where: 


h = heat transfer coefficient 


Eig) 


T-= ambient fluid temperature 


€ = emissivity 


Q 
ll 


Stefan Boltzman constant 


thermal conductivity of the solid 


k 
T,n= melting temperature of the solid 


C. NUMERICAL SOLUTION 

The governing equation (8), together with the boundary 
conditions are then solved numerically using a control-volume 
based finite difference technique. Since our problem is a 
quasi-steady one, and the finite difference code used is a 


transient one, iterations were continued until a steady state 


Table V. PHYSICAL PROPERTIES OF HY-80. 


Density, 9 7800 kg/m? 
Thermal Conductivity, K 35 W/m-K 
Heat Capacity, Cy Figure 19 
Melting Temperature, Their ae 

ZviowRepele AN=lWiofeveciobscS, We. 25° 
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condition was reached. The rectangular domain was discretized 
into a fine mesh grading as shown in eraure 18. The grading 
near the heat source is on the order of .5 mm by .5 mm by .5 
mm. Outside the heat source, a non-uniform grid is employed. 
A Silicon Graphics Iris workstation was used for the 
computations. The physical dimensions used are shown in 
Tables II, III, and IV. In the computations the specific heat 
1S assumed to vary with temperature as seen in Figure 19. The 


thermal conductivity, as shown in Figure 20, 

















Figure 18. Grid Network used in the Computations. 


does not seem to vary appreciably over the temperature range 
of our operation and is therefore assumed to be constant at 35 


W/m-k. Other pertinent data used are tabulated in Table Vv. 
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Iron [Ref. 21]. 
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Figure 20. Thermal Conductivity vs Temperature of Iron 
Based Alloy [Ref. 22]. 


IV. RESULTS AND DISCUSSION 


A. ESTIMATING WELDING EFFICIENCY 

Results of the GTAW efficiency made on HY-80 plates were 
tabulated to compare the effects of the varying input power 
set at high, medium, and low. The power inputs ranged from 
4.347 to 2.621 KW. Three different speed settings were used 
for the moving arc experiments. Table VI summarizes the 
efficiency measurements for the welding speed of 2.12 mm/s, 
Table VII for 1.69 mm/s, and Table VIII for 1.269 mm/s. 

An increase in current caused the efficiency to decrease 
as seen in Figures 21 to 23. Based on calorimetric 
measurements, Giedt et al [Ref. 15] reported an average 
efficiency of 80% for welding 304L stainless steel. They 
compared their results with other studies on GTAW efficiency 
determination uSing temperature field measurements. The 
currents ranged from 40 to 200 amps and a decreasing trend was 
found for the efficiencies with increasing currents. Present 
experiments were conducted at higher currents ranging from 237 
to 326 Amps and the measured efficiencies ranged from 62 to 
84%. These values fall within the range reported in previous 


studies. 
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Table VI. SUMMARY OF GTA WELDING EFFICIENCY MEASUREMENTS 
WITH SPEED 2.127 mm/sec. 


Run # Input Power Total Heat Input Efficiency 
(W) (W) (%) 
a S922 Zoe © 66 
2 S706 Zo 67 
3 3895 2407 62 
4 3500 2289 65 
5 3323 2471 74 
6 Sa06G 2241 68 
7 30162 2080 68 
8 3016 2092 69 
9 2969 MAS 71 
1) 2806 Za fps) 
vial Pralier st 1888 70 
eZ 2649 1864 fee 
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Table VII. SUMMARY OF GTA WELD EFFICIENCY MEASUREMENTS 


| WITH WELDING SPEED OF 1.693 mm/sec. 
aD, 


Run # Input Power Total Heat Input Efficiency 
(W) (W) (%) 
as 4347 2849 66 
14 4239 3084 Ue 
IBS: 3945 2846 72 
16 SV IES) Zoe 68 
Ly) 2535 27 UZ 76 
alts 3416 2448 72 
ILS) 3124 2a 68 
20 3036 ZEROS, 73 
Za 2948 2a Ales) lb 74 
ae 2a 2029 74 
Zo 27 ee glob 78 
24 Zee 1894 72 
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Table VIII. 


Run # Input Power 
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SUMMARY OF GTA WELD EFFICIENCY MEASUREMENTS 
WITH WELDING SPEED OF 1.269 mm/sec. 
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POWER VS. EFFICIENCY 
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Figure 21. Effect of Power vs Efficiency at Speed of 
2.127 mm/sec. 
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POWER VS. EFFICIENCY 
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Figure 22. Effect of Power vs Efficiency at Speed of 
1.693 mm/sec. 
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POWER VS. EFFICIENCY 
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Figure 23. Effect of Power vs Efficiency at Speed of 
1.269 mm/sec. 
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Apparently, at higher power inputs more heat loss to the 
surroundings due to radiation and convection results in lower 
efficiencies. Welding speed also influences the 
efficiencies. As noted in Figure 24, the slower the speed, 


the higher the efficiencies. 


B. TEMPERATURE CONTOURS 

Based on the heat conduction model developed, the effects 
of the power input and torch speed on the temperature field 
outside the weld pool were computed and plotted. Figures 25 
to 33 exhibits selected results for nine weld pool geometries. 
For each figure, (a) is the calculated temperature field at 
longitudinal section of weld pool, (b) calculated temperature 
field at traverse section of the weld pool, and “(c) 
experimental composite section of the HY-80 showing the depth 
of the fusion zone. Figure 34 shows the free surface of a 
Single digitized weld pool video frame, each associated in 
Figures 25 to 33 with (a) to (1), respectively. The double 
ellipsoid model appears to be satisfactory in prescribing the 
weld pool shape. 

Figure 35 show the transient development of the weld pool 
at one second intervals following the arc initiation for a 
period of 12 seconds. After twelve seconds the weld pool is 
at quasi-steady state for which the present computational 
model is accurate. Notice that initially the weld pool is 


elongated compared to the quasi-steady weld pool size. The 
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reason behind this is that near the edge, heat transfer from 
the source is not as efficient as when the torch moves further 


away, allowing heat conduction in all directions within the 


metal. 
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POWER VS. EFFICIENCY 
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Figure 24. Power vs Efficiency Comparison at Different 
Speeds. 
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(a) LONGITUDINAL TEMPERATURE CONTOUR 
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(b) TRAVERSE TEMPERATURE CONTOUR 
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(c) METAL CROSS SECTION 
Figure 25. (a) Longitudinal Temperature Contour, (b) 


Traverse Temperature Contour, and (c) Metal 
Cross Section for Run #1. 
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(b) TRAVERSE TEMPERATURE CONTOUR 
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(c) METAL CROSS SECTION 
Figure 26. (a) Longitudinal Temperature Contour, (b) 


Traverse Temperature Contour, and (c) Metal 
Cross Section for Run #6. 
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WELDING SPEED = 2.127 mmisec 
DIRECTION OF TORCH =——----— 
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(b) TRAVERSE TEMPERATURE CONTOUR 
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(c) METAL CROSS SECTION 


Figure 27. (a) Longitudinal Temperature Contour, (b) 
Traverse Temperature Contour, and (c) Metal 
Cross Section for Run #12. 
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WELDING SPEED = 1.693 mm/sec 
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(b) TRAVERSE TEMPERATURE CONTOUR 
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(c) METAL CROSS SECTION 
Ragure 26. 


(a) Longitudinal Temperature Contour, 
Traverse Temperature Contour, 


(b) 
and (c) Metal 
Cross Section for Run #13. 
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(b) TRAVERSE TEMPERATURE CONTOUR 





(c) METAL CROSS SECTION 


(a) Longitudinal Temperature Contour, (b) 


Traverse Temperature Contour, 
Cross Section for Run #18. 
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and (c) Metal 
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(b) TRAVERSE TEMPERATURE CONTOUR 
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(c) METAL CROSS SECTION 


Figure 30. (a) Longitudinal Temperature Contour, (b) 


Traverse Temperature Contour, and (c) Metal 
Cross Section for Run #24. 
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WELDING SPEED = 1.269 mm/sec 
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(b) TRAVERSE TEMPERATURE CONTOUR 








(c) METAL CROSS SECTION 


Figure ou. (a) Longitudinal Temperature Contour, (b) 
Traverse Temperature Contour, and (c) Metal 
Cross Section for Run #25. 
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WELDING SPEED = 1.269 mm/sec 
DIRECTION OF TORCH =———— > 
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(b) TRAVERSE TEMPERATURE CONTOUR 
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(c) METAL CROSS SECTION 


Figure 32. (a) Longitudinal Temperature Contour, (b) 


Traverse Temperature Contour, and (c) Metal 
Cross Section for Run #30. 
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WELDING SPEED = 1.269 mm/sec 
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(c) METAL CROSS SECTION 


Bagqure son (a) Longitudinal Temperature Contour, (b) 
Traverse Temperature Contour, and (c) Metal 
Cross Section for Run #36. 
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Figure 34. Single Digitized Weld Pool Video Frame Showing 
the Free Surface. 
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Figure 35. Weld Pool Development Showing the Transient 
Development within a Period of 12 Seconds at 


One Second Interval. 
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V. CONCLUSIONS AND RECOMMENDATIONS 
A three dimensional heat conduction model developed based 
on a double ellipsoid pool shape approximation has been 
presented for GTAW welding. The present computations revealed 
a mean value of 72% for the efficiency. The range of present 
computed values iS consistent with calorimetric type 
measurements in the literature. Since the present technique 
does not require a calorimetric setup it can be easily 
implemented in a variety of applications. Even though the 
results obtained here apply to the GTAW process, the technique 

is not limited to a particular welding process. 
For further research, it is recommended that additional 
experiments be conducted with different materials and joining 
processes. The effect of the mesh size in the computations 


also needs to be investigated further. 
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